A frequent cause of male infertility is defective sperm function, which is the main problem for close to a quarter of couples who attend infertility clinics (1-4).
becomes identical to the 20 kDa non-mitochondrial GPx4 (8, 9) . Nuclear GPx4 was recently identified as a sperm nucleus-specific 34 kDa selenoprotein (called snGPx, for sperm nucleus-specific glutathione peroxidase) (10) . It is formed by use of an alternative promoter and start codon localized in the first intron of GPx4 gene (7, 10, 11) . We previously reported that 34 kDa GPx4 localized in nucleoli in several cell lines by using an N-terminal nucleolar import signal (11) . We call hereafter nuclear GPx4 nucleolar GPx4 since non-mitochondrial 20 kDa GPx4 exists both in cytosol and in the nucleus (12) .
Expression of three types of GPx4 is induced significantly in testis during spermatogenesis, especially in late spermatocytes, spermatids and spermatozoa in both humans and mice (13) (14) (15) . The most abundant GPx4 of testis is associated with mitochondria (16).
Overexpression of mitochondrial GPx4 in RBL2h3
cells suppresses mitochondrial-derived reactive oxygen species produced by the respiratory chain inhibitors (17) and suppresses apoptosis induced by 2-deoxyglucose, staurosporine, etoposide and UV (18, 19) . In spermatozoa, GPx4 is also mainly localized in the mitochondria (13, 16) . One possible role of mitochondrial GPx4 in spermatozoa is to maintain motility via antioxidant activity against mitochondrial reactive oxygen species (13) . Another possible role is to maintain the structure of the mitochondrial capsule by cross-linking with itself or other proteins (16, 20) . The later hypothesis proposes that an active GPx4 is converted into an enzymatically inactive protein aggregate. The nucleolar GPx4 was found to be required for chromatin condensation and thus for sperm maturation (10) .
We and other groups have demonstrated a dramatic decrease in the expression of GPx4 in spermatozoa in 30% of human infertile males diagnosed with oligoasthenozoospermia (13, 21, 22) . In mice, severe selenium deficiency resulted in male infertility (23) , and selenoprotein P-null male mice are infertile due to depletion of selenocysteine transport into the testis via apoE receptor 2 (apoER2) (23, 24) . ApoER2-null mice also exhibited male infertility and a decrease in GPx4 expression in sperm (25) Previously, GPx4 knockout mice have been established and disruption of the GPx4 gene was found to be embryonic lethal at 7.5 dpc (26, 27) . In the present study, we established spermatocyte-specific GPx4 knockout mice by using the Cre-loxP system to address whether the depletion of GPx4 in spermatocytes causes male infertility. Spermatocyte-specific GPx4 knockout mice exhibited oligoasthenozoospermia, resulting in male infertility, directly demonstrating that a decrease in GPx4 in spermatozoa results in male infertility in mice. separately prepared from our previously cloned mouse GPx4 gene (7, 26) and inserted into pBluescript SK+ (Stratagene Inc, la Jolla, CA). To identify mRNA for GPx4 transcribed from the transgene, we replaced the NheI site located after the stop codon in the GPx4 gene with a BamHI site (as shown in Fig. S1A Oxygraphic studies-Spermatozoa were subjected to hypotonic treatment essentially as described previously (30) . Briefly, spermatozoa were kept in ice-chilled hypotonic medium (10 mM potassium phosphate, 
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Construction of GPx4 transgenic loxP vector-
RESULTS
Generation of spermatocyte-specific GPx4
knockout mice. We had previously established GPx4 heterozygous mice by homologous recombination (26) .
In the present study, we introduced the transgene carrying the mouse GPx4 gene and two loxP sites into the GPx4 heterozygous mice to establish conditional Tg(loxP-GPx4):GPx4 -/-mice grew normally and lived for at least more than one year.
We examined the expression of GPx4 mRNAs from the transgene and endogenous GPx4 genes in wild-type mice and Tg(loxP-GPx4):GPx4 with a sense primer specific for exon Ia and a transgene-specific antisense primer (Fig. S2B) -/-mice) (Fig. S2A ).
Tg(loxP):GPx4 +/-mice, in which the loxP-GPx4 transgene was disrupted by spermatocyte-specific Cre recombinase (Fig. S2A) , have one copy of the endogenous GPx4 gene in testis and other tissues. In Tg(loxP):GPx4 -/-mice, the expression of GPx4 mRNA in the testis was only one-tenth of that in Tg(loxP-GPx4):GPx4 -/-mice (Fig. 1C) 2A ). In the entire sperm population, the flagellum was folded at the midpiece-principal junction into a sharp hairpin configuration ( Fig. 2A) .
Characterization of spermatocyte-specific GPx4 knockout (Tg(loxP):GPx4
To examine the sperm motility, isolated cauda spermatozoa were incubated in TYH medium for 2 h at (Table  1) . Indeed, hairpin-configuration spermatozoa frequently displayed weak flagellar beating, particularly at the principal segment.
GPx4 is known to be expressed predominantly in the mitochondria of spermatozoa (13) . We next examined mitochondrial function in the incubated spermatozoa by fluorescence microscopy using DiOC 6 , which is selectively taken up by mitochondria at a rate that depends on the mitochondrial membrane potential. (Fig. 2D) . This was further stimulated by 0.76 mM ADP (respiratory state 3). In Tg (loxP): GPx4 -/-spermatozoa, a significant reduction in the active respiration state was observed (Fig. 2E) . The (Fig. 3) .
The developmental progression of defects in flagellar structure and mitochondrial membrane potential in the spermatozoa of spermatocyte-specific GPx4 knockout (Tg(loxP):GPx4
-/-) mice. We next examined when the flagellar structure and the mitochondrial membrane potential were disrupted during spermatogenesis in GPx4 depleted spermatozoa.
GPx4-depleted testicular spermatozoa were full form and had extended flagellum (Fig. 4A) . In contrast, GPx4-depleted caput spermatozoa displayed abnormal flagellar bending in the posterior midpiece of the flagellum (Fig. 4B) , and GPx4 depleted cauda spermatozoa were sharply bent at the midpiece-principal piece junction and exhibit a hairpin flagellar configuration (Fig. 4C ). As mentioned above, the mitochondria membrane potential of GPx4 depleted cauda spermatozoa was significantly decreased after 2 h in vitro incubation (Figs. 2B and 4F ). However, we found that the mitochondrial membrane potential of GPx4-depleted cauda spermatozoa were normally maintained when in vitro incubation was omitted ( Fig.   4D and 4E ). These results suggest that loss of the mitochondrial membrane potential of GPx4 depleted spermatozoa occurs only after in vitro incubation in TYH medium and that loss of mitochondrial membrane potential is not a direct cause of abnormal flagella bending. GPx4 is a major selenoprotein in spermatozoa and is highly expressed in their mitochondria at the midpiece.
Defects of spermatogenesis in testis of
mice (24) . Our data demonstrate that hairpin-like tail bending and the loss of motility in spermatozoa are due to loss of GPx4 function in spermatozoa. The mitochondrial ultrastructure of spermatozoa in the GPx4 deficient mice was more severely damaged than in selenoprotein P knockout mice (22) and apoER2 knockout mice (24) . Our data also demonstrate that GPx4-deficient spermatozoa lacked mitochondrial membrane potential, and showed significantly reduced mitochondrial respiration capacity. These results suggest that mitochondrial dysfunction in spermatozoa is a major functional defect brought on by GPx4 deficiency.
During submission of this manuscript, Conrad and his colleagues demonstrated that depletion of mitochondrial GPx4 causes impaired sperm quality, severe structural abnormalities and male infertility (35) , which also confirms our ideas.
In the present study, we showed that two severe defects, including abnormal flagellar structure and Three isoforms of GPx4 mRNA, non-mitochondrial GPx4, mitochondrial GPx4 and nucleolar GPx4, are transcribed from one gene (6, 7). All three GPx4 mRNAs were expressed in late spermatocytes in testis (13, 14, 15) .
Nucleolar GPx4 was first found as a sperm nucleusspecific 34kDa selenoprotein (10) . However, specific disruption of the nucleolar GPx4 gene in mice did not result in male infertility (36) . According to the study by Conrad et al. (35) , depletion of mitochondrial GPx4 causes abnormalities in spermatozoa, but has no effect on proliferation or apoptosis of germinal or somatic tissues.
We showed that deletion of all GPx4 isoforms induces dramatic loss of spermatocytes and spermatozoa. These results suggest that the depletion of non-mitochondrial Our results also demonstrate that the loxP-GPx4 transgene is useful for functional analysis of the three isoforms of GPx4 in mice by mutation of their start codons. These spermatocyte-specific GPx4 knockout mice might be useful for drug screening, and for the development of treatment methods for human male infertility. Culture of Japan, and by PRESTO from the Japan Science and Technology Agency. Fig. 1 . Characterization of testes from 14-wk-old spermatocyte-specific GPx4 knockout mice 
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